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Abstract
The aim of this study was to monitor changes in genetic size of a small-closed population of Iranian Zandi sheep, by
using pedigree information from animals born between 1991 and 2005. The genetic size was assessed by using
measures based on the probability of identity-by-descend of genes (coancestry, f, and effective population size, Ne),
as well as measures based on probability of gene origin (effective number of founders, fe, effective number of founder
genomes, fg, and effective number of non-founder genomes, fne). Average coancestry, or the degree of genetic simi-
larity of individuals, increased from 0.81% to 1.44% during the period 1993 to 2005, at the same time that Ne de-
creased from 263 to 93. The observed trend for fe was irregular throughout the experiment in a way that fe was 68, 87,
77, 92, and 80 in 1993, 1996, 1999, 2002, and 2005, respectively. Simultaneously, fg, the most informative effective
number, decreased from 61 to 35. The index of genetic diversity (GD) which was obtained from estimates of fg,d e -
creased about 2% throughout the period studied. In addition, a noticeable reduction was observed in the estimates of
fne from 595 in 1993 to 61 in 2005. The higher than 1 ratio of fe to fg indicated the presence of bottlenecks and genetic
drift in the development of this population of Zandi sheep. From 1993 to 1999, fne was much higher than fe, thereby in-
dicating that with respect to loss of genetic diversity, the unequal contribution of founders was more important than
the random genetic drift in non-founder generations. Subsequently, random genetic drift in non-founder generations
was the major reason for fe > fne. The minimization of average coancestry in new reproductive individuals was recom-
mended as a means of preserving the population against a further loss in genetic diversity.
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Introduction
Thelongtermsurvivalofapopulationdependsonthe
maintenance of sufficient genetic variation for individual
fitness and population adaptability (Lacy et al., 1995). In
the wild, low genetic variation among individuals indicates
the inability of a population to adapt to a changing environ-
mentandfoodsupply,disease,orclimaticconditions,or,in
other words, the evolutionary flexibility of a population di-
minishesinparallelwiththelossingeneticdiversity(Lacy,
1995). In the context of animal breeding it has been widely
recognized that increases in homozygosity often lead to
lower viability and fecundity (inbreeding depression; Fal-
coner, 1989). Moreover, low genetic variation among indi-
viduals limits the success of genetic improvement schemes
(Gutiérrez and Goyache, 2005).
In managed populations, selection is the main factor
responsible for the loss in genetic diversity. Whereas ge-
netic drift is expected to occur in populations undergoing
selection, Hedrick (2000) reported that in populations
which are subjected to selection regimes, changes in allelic
frequencyaredeterminedprimarilybyselectionratherthan
random genetic drift. Where only a few superior animals
are chosen and allowed to contribute to the gene pool of the
nextgeneration,ageneticbottleneckisimposedonthepop-
ulation as a whole. A direct consequence is a decrease in
allelic variation, thereby limiting the response to selection,
because long-term response is more dependent upon the al-
leles present in the population than on initial frequencies or
heterozygosity (Allendorf, 1986).
For theoretically ideal populations, the loss of hetero-
zygosityisinverselyproportionaltopopulationsize,forthe
smallerthisis,thegreaterthelossingeneticdiversity.Nev-
ertheless, most real populations violate one or more of the
assumptions for ideal populations (Funk et al., 1999). Pop-
ulation genetics theory developed for ideal populations can
be extended to real populations by computing effective
population size (Ne; Wright, 1931) which adjusts the actual
numberofactivebreedinganimalstoasexratioof1:1.The
effective population size is the size of an ideal population
that has the same rate of inbreeding (or coalescence) as the
real population under consideration. Ne is a measure of
‘identity-by-descent’ (IBD) of genes, and determines the
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Research Articlelevel of inbreeding, as well as the degree of genetic varia-
tion lost from populations due to random genetic drift. It
has been frequently shown that Ne is often much less than
the census size of the population (Scribner et al., 1997;
Hauser et al., 2002; Turner et al., 2002). In populations
which undergo selection, either artificially or naturally,
many individuals contribute little or nothing to the gene
pool of future generations. In such a situation, active man-
agement is essential to assure that the genetically effective
populationsizeisnotappreciablysmallerthantherecorded
one (Foose et al., 1986).
The estimation of parameters based on identity-by-
descentofgenes,suchasNe,isconsiderablysensitivetothe
quality of pedigree information. Consequently, another ap-
proach, ‘the analysis of the probabilities of gene origin’,
whichwasfirstintroducedbyDicksonandLush(1933)and
further developed by MacCluer et al. (1986) and Lacy
(1989), was recommended to assess genetic diversity. An
important advantage of parameters which are obtained the-
reby is their being less sensitive to pedigree completeness
whencomparedtoparametersbasedonidentity-by-descent
of genes (Boichard et al., 1997). In this technique, genetic
diversityinagivenpopulationisassessedbymeasuringthe
genetic contributions of the founder animals. Since knowl-
edgeofthetotalnumberoffoundersisinsufficienttoascer-
tain the genetic basis of the population, owing to unknown
pedigrees and the unequal contribution of founders to the
genetic composition of the following generation, Lacy
(1989) proposed the concept of effective number of found-
ers, thereby accounting for the unequal contribution of
founders and the idea of founder genome equivalents (also
called effective number of founder genomes), as well as
bottlenecks and random loss of alleles due to genetic drift.
Caballero and Toro (2000) found that effective population
size, effective number of founders and founder genome
equivalents are interrelated in terms of coancestry and vari-
ance of contributions from ancestors to descendants, and
proposed a new parameter, viz. the effective number of
non-founder genomes, to describe the relationship between
the effective number of founders and founder genome
equivalents.
Onlywhenaccuraterecordshavebeenkeptcaninfor-
mation on the genetic size of a population be obtained by
analysing pedigree information. Pedigree analysis allows
the population manager to assess the genetic structure of
the population and to plan appropriate breeding strategies
aimed at making a balance between genetic response and
the loss of genetic diversity. In Iran, the conservation of an-
imal genetic resources has received increasing attention
over recent years. To my knowledge, this study is the first
attempt in Iran to evaluate genetic diversity in a domestic
mammal population using novel criteria of genetic diver-
sity. In the current study, I analysed pedigree information
oftheanimalsregisteredintheherdbookoftheZandisheep
breeding station from 1991 to 2005, in order to evaluate
changes in genetic size of the population during the experi-
ment.
Material and Methods
Animals and pedigree information
Zandi sheep constitute an Iranian small-sized breed,
well adapted to the central semi-arid region of the country.
Historically, this breed had its origin in the southern prov-
inceofIranknownasFars.Inthelate1980s,anexperimen-
tal flock was established in the Khojir national park
between Tehran and Abali at 35°45’ E and 51°40’ N,
1547mabovemeansea-level,withtemperatesummersand
cool winters, and an average rainfall of approximately
300 mm/yr. The aim was to establish a nucleus source for
improving other flocks in the region. The founder animals
(with unknown pedigrees) were purchased from various
sheepfarmsintheregionofthebreedingstation.Ingeneral,
the flock was reared by following conventional industrial
procedures. The mating season commences in August.
Ewes on heat undergo artificial insemination (AI), with the
restrictionthatmatingbetweenverycloselyrelatedanimals
isavoided.Themaximumnumberofewesallocatedtoeach
AIramisnomorethan25-headperbreedingyear.Animals
that do not conceive by AI are allocated to natural servic-
ing. In this case, ewes are assigned to ram-breeding groups
with an average mating ratio of 10-15 ewes per ram.
Lambing commences in December. Coat-color in new-
bornisblack,butgraduallychangeswithage,insuchaway
that black, light-brown and gray adult animals are to be
found.
Pedigree information of the tagged individuals has
been recorded since 1991, thereby providing an opportu-
nity to study the genetic structure of the population. The
analysed pedigree consisted of 6035 animals (3283 males
and 2752 females). Analysis involved populations born
every three years from 1991 to 2005. Table 1 provides in-
formation about the population data used in the current
study.
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Table 1 - Description of the Zandi sheep population.
No. of animals in the pedigree file 6035
No. of males 3283
No. of females 2752
No. of animals with progeny 1647
No. of animals without progeny 4391
No. of animals with both parents unknown 451
No. of animals with one parent unknown 904
Maximum contribution of a founder to the current gene
pool
4.4%
Minimum contribution of a founder to the current gene
pool
0.008%
Average contribution of founders to the current gene pool 0.07%Methods of measuring diversity
Coancestry, f
Coancestry (Malécot, 1948) is defined as the proba-
bility that any two alleles, sampled at random (one from
eachindividual),areidenticalcopiesofanancestralallele.
The effective number of population size, Ne
This parameter, obtained according to Gutiérrez et al.
(2008) and in the form proposed by Gutiérrez et al. (2009)
based on the individual increase in inbreeding (Fi). Fi
coefficients are computed as FF ii
t    11 1 , where Fi is
the individual coefficient of inbreeding and t is the equiva-
lent complete generations (Maignel et al., 1996). This esti-
mate of effective population size (Ne), denominated
‘realized effective size’ by Cervantes et al. (2008), can be
computed from F, which, in turn, can be computed by av-
eragingtheFisofthenindividualsincludedinagivenref-
erence subpopulation, as Ne = 1/2 F.
The effective number of founders, fe
The parameter fe indicates the number of equally con-
tributing founders that would produce the same level of ge-
netic diversity as that observed in the current population.
Lacy (1989) estimated the effective number of founders as
being fq ek k
m 
  1
2
1 / , where qk is the expected propor-
tional genetic contribution of founder k, calculated by the
average relationship of the founder to each animal in the
current population, whereas m is the total number of found-
ers.
The effective number of founder genomes, fg
The effective number of founder genomes indicates
how many founders would be required to produce the same
genetic diversity as actually found in the population, if all
contributed equally and no lost of alleles occurred (Lacy,
1989). According to Caballero and Toro (2000), parameter
fg was obtained by the inverse of twice the average coan-
cestryoftheindividualsincludedinapre-definedreference
population. Estimates of fg are of value for estimating ge-
netic diversity in reference subpopulations relative to a
base line. The degree of genetic diversity (GD) in the refer-
ence population relative to the base population is approxi-
mated as: GD=1-1 / 2 fg (Lacy, 1989; 1995), when genetic
diversity is expressed with the ‘expected hetrozygosity’
(Nei, 1973).
The effective number of non-founder genomes, fne
The fourth type of effective number of animals, the
effective number of non-founder genomes, only accounts
for the effect of genetic drift in non-founder generations.
Thiseffectivenumberisobtainedasfne
-1=fg
-1-fe
-1(Cabal-
lero and Toro, 2000).
Genealogical analyses on pedigree information were
carried out using the ENDOG, v. 4.6 program (Gutiérrez
and Goyache, 2005).
Results
Theevolutionincoancestry(f)inthepopulationstud-
iedduringtheexperimentisshowninFigure1.Theaverage
coancestryincreasedsignificantly(p<0.01)throughoutthe
experimentfrom0.81%in1993to1.44%in2005.Theesti-
mates of Ne, fe, fg, fne, and GD are shown in Table 2. The
change in Ne was non-significant (p > 0.05), although there
was a decrease from 263 to 93 during the analysed period.
Likewise, fe showed a non-significant trend (p > 0.05) dur-
ing the experiment and was 68, 87, 77, 92 and 80 in 1993,
1996, 1999, 2002 and 2005, respectively. In contrast there
was a significant decrease (p < 0.01) in both fg and fne. For
fg,thisbeingfrom61in1993to35in2005,withareduction
of approximately 2% in the corresponding diversity index
(GD), and for fne from 595 in 1993 to 61 in 2005. The ratio
offetofgincreasedsignificantly(p<0.01)from1.11to2.28
during the period. Individual and cumulative genetic con-
tributions of the first 41 most influential founders in the
population studied appear in Figure 2. As shown, they pre-
sented 50% of total genetic diversity. The unequal contri-
butionofthese41founderstothecurrentgenepoolarealso
highlighted.
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Figure 1 - Evolution of coancestry during the analysed period.
Table2-Changesinmeasuresofgeneticdiversityduringtheanalysedpe-
riod
a.
Year Ne fe fg fe/fg fne GD
1993 263 68 61 1.11 595 0.99
1996 88 87 61 1.42 332 0.99
1999 48 77 43 1.79 93 0.99
2002 50 92 42 2.13 81 0.99
2005 93 80 35 2.28 61 0.98
aNe,effectivepopulationsize;fe,effectivenumberoffounders,fg,effective
number of founder genomes; fne, effective number of non-founder ge-
nomes; GD, genetic diversity index.Discussion
It has been argued that coancestry is a more informa-
tive parameter than other measures of diversity, since it
contains all currently available information on the future
rate of inbreeding. The average coancestry of animals in a
population forecasts the average coefficient of inbreeding
in the subsequent generation. For this reason, coancestry
has been utilized to calculate the expected future effective
population size (Sørensen et al., 2005). Coancestry high-
lights the degree of genetic similarity of individuals in a
breeding population. High coancestry means low diversity,
with less ability in selecting better animals, as the differ-
ence between individuals is narrower. Although, coances-
try is an informative parameter, and has been shown to be
useful for conservation purposes (Toro et al., 2002), as this
is a population-level measurement, the number of animals
included in the data under analysis, as well as the depth of
pedigree included, impact upon its estimation.
The concept ‘effective population size’, introduced
by Sewall Wright, is fundamental in population genetics,
and is considered a key parameter in conservation genetics,
because Ne is instrumental for indicating not only the de-
gree of genetic drift, but also population viability (Fran-
khametal.,2002).Simplyput,thelowerNe,thehigherwill
be the probability for a population to go extinction. Despite
the increase in adult population census-size from 223 in
1993to481in2005,thesizeoftheeffectivepopulationde-
creased during the analysed period, thereby indicating that,
paralleltoanincreaseinadultpopulationcensus-size,aver-
age relationship between individuals also increased
through kin mating, followed by a higher level of inbreed-
ing and, in consequence, a smaller Ne. The required mini-
mal Ne has been the subject of much research. Rasch and
Herrendorfer (1990; in FAO, 1992), based on a literature
survey,recommendedanNeof200formaintainingagenet-
ically constant population over 50 generations. Brem et al.
(1990; in FAO, 1992) reported that a population is not
threatened when the effective population size is over 50,
and where there is a minimum of 10 males. Nevertheless,
for effective selection, an Ne of at least 100 is necessary
(FAO, 1992). Except in 1993, when Ne was 263, estimates
of Ne were below 100. Thus breeders should be concerned
about controlling inbreeding in their respective breeding
programs.
The effective number of founders (fe) depends on
both their total number (m), as well as the disequilibrium
among their expected contributions to the gene pool. If all
thefounderscontributeequally,thenfe=m,butwhenthisis
not so then fe < m. As shown in Figure 2, of the total genetic
variability (100%) in the population, 50% could be attrib-
utedto41founders.Influentialfounders,asindicatedwhen
estimating fe, are those with a high contribution to the cur-
rent population. They may have a considerable impact on
the trait being selected, if they possess beneficial alleles for
the selected trait to pass on to their progeny. In populations
with minimum inbreeding, the effective number of found-
ers is expected to be one-half of effective population size.
Othersituations(feNe)indicatethatthebreedingstructure
hasundergonecertainchangessincethefoundergeneration
(Sørensen et al., 2005). While fe takes into account the un-
equal founder contributions, in populations which have un-
dergone a bottleneck, the effective number of founders is
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Figure2-Individualandcumulativegeneticcontributionofthemostinfluentialfounders.Thecontributionofthe41mostinfluentialfoundersrepresents
50% of the total genetic diversity.overestimated, since the effect of such possible bottlenecks
is not taken into consideration, especially in animal breed-
ing, where selection for specialized types of animals im-
poses strong bottlenecks on the populations. Moreover,
there is another important handicap when calculating fe,
broughtaboutbythephenomenon,‘convergedgeneticcon-
tribution of founders’ (Bijma and Woolliams, 1999; Cabal-
leroandToro,2000).Whenrandommatingispracticedina
closedpopulationandassumingthereisnogeneticdrift,the
contribution of founders (qk’s) will be very similar, where-
upon fe will approach a relatively constant value within a
few generations, seeing that founder contributions will re-
main stable. Even in the presence of selection, fe will ap-
proach a constant value as long as new founders are not
added to the population. Caballero and Toro (2000) mathe-
matically formulated this phenomenon and illustrated that
after a few generations, variation in founder contribution
will approach an asymptotic state, whereupon, fe will also
become constant, without further change. In simulations of
true random mating, this will happen to a large degree
within five generations, although, in real life, populations
tendtoundergoacertaindegreeofpositiveassortativemat-
ing which slows this down (J.A. Woolliams, personal com-
munication). Thus, a management program based on the
maximization of fe, while partially effective in the initial
generations, will be completely ineffective thereafter.
The most informative effective number is that of
founder genomes (fg), which, besides dealing with the total
loss in diversity, is directly related to genetic diversity it-
self. As shown by Lacy (1995), the relationship between
the current population’s mean coancestry and fg is
fg=(1/2c),wherecisthemeancoancestryofalltheindivid-
uals in the current population, including the relationship of
each individual to itself. The value shows that as the popu-
lation becomes more related, as would happen with any
closed population, fg decreases. A significant decrease in fg
reveals a reduction in the genetic size of the population as
regardsfoundergenes.Asexpected,duringtheexperiment,
the decrease in estimates of fg was accompanied by a drop
in the corresponding GD index which comprises all the
causes of reduction in genetic diversity. It is noteworthy
that while fg is the more accurate description of the amount
of founder variation present in a population, it does not ac-
countformutationormigration,and,ifmutationsdooccur,
a slightly higher amount of heterozygosity could be pres-
ent.
The ratio of the effective number of founders to the
effective number of founder genomes, which was higher
than1throughouttheexperiment,indicatedthepresenceof
bottlenecks and genetic drift in the development of this
population of Zandi sheep.
Last effective number, viz. effective number of non-
founder genomes, accounts only for the effect of genetic
drift in non-founder generations. By using fne, it is possible
to clarify which, as regards the loss of genetic diversity, is
the more important, random genetic drift accumulated in
non-founder generations or the unequal contribution of
founders.Wherefe>fne,thereductioningeneticdiversityis
more related to genetic drift accumulated in non-founder
generations, whereas if fne > fe, the unequal contribution of
founders is the major reason for the loss of genetic diver-
sity. In our population and during the period 1993 to 1999,
fne was much larger than fe, thereby indicating unequal con-
tribution of founders to be the more important. Afterward,
random genetic drift in non-founder generations was the
major reason for the loss of genetic diversity as fe > fne.
In general, the results obtained here show that in
small-closed populations, especially those undergoing
managed selection, genetic diversity can be lost at a rapid
rate, with two important consequences, first, the loss in
heterozygosity, followed by inbreeding depression, and
second the loss of allelic variants, thereby limiting long-
term responses to selection. Although inbreeding could not
be avoided or indefinitely limited, care must be taken in
minimizing its rate of occurrence. Various methods have
been proposed to minimize the loss of genetic diversity.
The minimization of group coancestry has proved to be the
most efficient method to conserve genetic diversity (Meu-
wissen, 1997; Caballero and Toro, 2000). Minimization of
average coancestry of the new reproductive individuals
couldbeimplementedinthepopulationinordertopreserve
its genetic variability. Therefore, this strategy should be in-
corporated in breeding schemes where animals are selected
based on phenotypic values, thereafter continuing the pro-
cess based on minimum coancestry to avoid any further de-
crease in the genetic size of the population.
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